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The implementation of periodic reversals of magnetization along the become 180° out 0^^10 " ^ 1 .
ight ' ^ locations "here TE and TM modes fonoln N wu P ' 1S discussed -Tw° approaches have been followed: (i) the conventional electrical serpentine circuit and tlLi T ^r i0dic P erinal loy structure. Using these techniques, Tn ^e °b s^ved , conve^i on efficiencies of 92% and 80%, respectively, Experimentll rLult^ V'T thin / ilm wa veguides grown on GGG substrates, experimental results are examined in the light of the theory of Faradav^or^ ^ ^0^a tion thr°^ bulk crystals possessing both Faraday rotation and birefringence, adapted to the case of mode conversion in magneto-optic waveguides.
INTRODUCTION
During this reporting period, we have concentrated our efforts on increasing the mode conversion efficiency in our magneto-optic thin film waveguides by periodic reversals of the magnetization along -he direction of propagation ot light. We have implemented this principle following two different approaches:
(i) using an electrical serpentine circuit, which was first introduced by Tien and (ii) using a novel periodic permalloy structure.
Section II summarizes a theoretical analysis of mode conversion in bulk crystals exhibiting both Faraday rotation anc birefringence, as worked 2 out by Tabor and Chen , and extended to the case of periodic magnetization reversals. The theory is expected to be readily applicable to mode conversion in magneto-optic waveguides, where the intrinsic mismatch between TE and TM modes plays the role of an effective birefringence.
Our experimental results are discussed in Section III. The design of our elec .rical serpentine circuit, although crude, enabled us to verify Tabor's theoretical formulation and \.o observe a DC conversion efficiency of 92%.
The remainder of tha section is devoted to the discussion of a novel method to implement periodic reversals of the magnetization, in which the magneto-optic waveguide is ubjected to the field generated by a properly biased periodic permalloy structure. Using this technique, we have observed 80* conversion efficiency at the time of this writino.
2.
II. THEORETICAL ANALYSIS
The problem of Faradsy rotation in birefrimjent media has been studied in the case of bulk magneto-optic crystals described by the following 2 dielectric terror ;
The off-diagonal element 6 changes its sign upon reversal of the applied magnetic field H.
Electromagnetic wave propagation along the z-axis is written in the form of a matrix relation:
T is a 2x2 transmission matrix which takes into account the birefringence and magneto-optic properties of the crystal: 
(4d) 
It is shown in the Appendix that this matrix formulation gives exactly the same result for the mode conversion efficiency R as that obtained from coupled mode theory:
where Y is the "coupling strength" or optical rotatory power and the coefficient B is defined by:
Because of the intrinsic phase mismatch Aß between TE and TM modes, the maximum conversion efficiency is limited to typically a few percent in magneto-optic waveguides. It is known that this limitation can be overcome by periodically reversing the magnetization along the light propagation path at locations where the phase difference * between "free" and "forced" waves reaches n (or a multiple thereof) 1 . From Eq. (4a) w. obtain:
The transmission matrix T in Eq. (2) will now be equal to a product of partial r-atrices: 
T -T
cos 2mx j sir, 2mx"
.j sin 2mx cos 2:nx If the wave is originally polarized in the x-direction (say TE mode with E y (0) ■ 0), one obtains from Eqs. (2) and (11):
. n E (mA) = (-1) j S i n 2mx E (0)
The conversion efficiency can in principle reach 100% after a sufficient number of periodic field reversals.
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Ill, EXPERIMENTAL P£SULTS
We have implemented this principle of periodic reversal of magnetization, following two different approaches: 1) electrical serpentine circuit, and
2) a novel periodic permalloy structure,
III. 1. ELECTRICAL SERPENTINE CIRCUIT
Although this part of our investigation does not involve any fundamentally n^w idea, as it closely follows Tien's work, it enabled us to make certain interesting observations which will now be discussed. The circuxu design which we used is schematically illustrated in Fig, 1 , it consists basically of two screws of appropriate size and thread, mounted parallel to each other on a rigid aluminum frame, around which a solenoid wire is wound in an alternate fashion. The use of 2 screws of different pitch produces a circuit with variable periodicity. Electrical connections can easily be made in such a way that the number of periods activated can be changed. The magneto-optic film to be analyzed is gently pressed, face down, on the wirr, grid. The structure is easy to construct, proves to be a convenient testing tool, and works surprisingly well. Fig. 2 shows the modulated TE output after propagating in a Gd^5 Ga 1 iron garnet film of thickness 8,4 pm on a GGG substrate, when an AC current of frequency (] = 60Hz is fed inLo a circuit comprising 8 periods.
Eighty-two per cent depletion was measured for a peak current of 1.3 amp.
The periodicity A of the circuit was designed to fit an experimentally measured guided inlex mismatch An ^ 1.15 x lo" 3 between the modes TE and TM e :
where A^ -1.15 ym ia the free-space wavelength of Lhe He-Ne laser radiation used in these experiments.
If the output is passed through an analyzer with azimuth e relative to the original polarization direction, the intensity detected is given by: With the geometry indicated in Fig. 5 , the longitudinal magnetic field directly under a wire can be written as:
where h is the distance between center of wire and surface of the film. In
Eq. (15), the influence of all neighboring wires is taken into account. The condition H > H gives a threshold current I ,
The photographs in Fig. 7 show the TM output vs. current in the circuit when the film is directly against the wires (picture A) and when a piece of paper about 6 mils thick is sandwiched in between. The threshold currenr is seen .
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III. 2. PERIODIC PERMALLOY STRUCTURE
In this study, we used a magneto-optic film of same composition as before, but of thickness 6.4 m. Our experiments concern TE and TM modes cf order N = 3, which had a measured mismatch An of (1. 25 + 0.2) x 10~3.
The periodic reversal of magnetization was accomplished by a novel technique, which features a periodic permalloy structure deposited nn a transparent wafer Irought in close proximity to the magneto-optic film.
By properly biasj " the device with an externally applied magnetic field,
we have observed a DC conversion efficiency of (80 +2)%. The preliminary results of our investigation was summarized in a pj-oer, to be submitted for publication in Applied Physics Letters, which is enclosed at the end of this report under the title, "Mode Conversion in Magneto-Optic Waveguides
Subjected to a Periodic Permalloy S-ructure", and which we refer to at this point.
IV. CONCLUSIONS
In the first quarter, we reported that a maximum TE -v TM mode conversion efficiency of only ^ 1% was observed in the (Cd ^ gHPe^a^O garnet thin film waveguide grown at IBM Research.
During this second quarter, we have successfully raised vhe efficiency, by periodically reversing the magnetization in the film guide, to 92% and 80% respectively, with two different device implementations: the first one utilizes an electrical serpentine circuit, and the other a novel periodic permalloy structuxe.
Both devices can be used as optical switches and modulators. However, further study on their switching speed has to be pursued. 
9.
For applications such as isolators and gyrators, 5 the permalloy structure may prove to be advantageous since, unlike the serpentine circuit, it does not require a constant supply of electric current.
Further studies on the permalloy structure will be aimed at:
(i) high speed switching
(ii) improvement of conversion efficiency to above 901 dii) correlation of magnetic domain structure with optimum conversion conditions.
- 
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where one recognizes the standard result derived from coupled mode theory. loo n exciting both these modes and measuring the angular separation of the two outputs, the mismatch A0 between the propagation constants was estimated to be AS -(68 1 11) cm" 1 . meaning that the longitudinal magnetic field should be reversed every 18 mils (ir/AS).
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To provide this periodic reversal, a permalloy film approximately O 3500 A thick, was sputtered on a c-cut sapphire wafer and photollthographlcally etched into a periodic array of rectangular islands.
The dmensions of the rectangles were 18 mils and 36 mils in the longitudinal and transverse directions, respectively, with a periodicity 2 A -36 mils.
The resultant structure was then brought in contact with the waveguide, the permalloy facing the film, and the two pieces were gently clamped together.
The TE 3 mode was excited at the input grating and the output was . 5 --
